Introduction {#sec1-2331216516658239}
============

Hearing with two normal ears has several advantages over monaural hearing. These advantages include better speech reception in noise, especially when speech and noise are spatially separated ([@bibr42-2331216516658239]; [@bibr43-2331216516658239]), a reduction in listening effort in certain noise conditions ([@bibr16-2331216516658239]), and better horizontal localization ([@bibr21-2331216516658239]; [@bibr24-2331216516658239]; [@bibr32-2331216516658239]). However, binaural advantages for subjects fitted with bilateral hearing aids (HAs) are less clear (e.g., [@bibr19-2331216516658239]; [@bibr25-2331216516658239]; [@bibr31-2331216516658239]; [@bibr55-2331216516658239]). Results between studies about the benefit of bilateral versus unilateral amplification using HAs do not always align and are at times contradictory. Furthermore, data on the effect of bilateral HAs in the domain of listening effort are scarce. Finally, little is reported about tests that aim to find bilateral benefit in real life or simulated real life conditions, as opposed to the traditional laboratory tests. The goal of the current study was, therefore, to assess the added value of a second HA on different dimensions of performance: speech reception in noise, listening effort, noise tolerance, and localization. In the text later, the issue of bilateral amplification is addressed for each of these four domains.

Speech Reception in Noise {#sec2-2331216516658239}
-------------------------

When speech and noise are identical at both ears (diotic stimulation), it is expected that any binaural benefit is the result of binaural redundancy. For normally hearing subjects, this leads to an improvement in the speech reception threshold (SRT) of 1 to 2 dB ([@bibr33-2331216516658239]; [@bibr43-2331216516658239]). [@bibr55-2331216516658239] and [@bibr22-2331216516658239] presented speech from the front and noise from the back at 180° and found a disadvantage of a second HA in the majority of elderly hearing-impaired subjects (82% and 71% in the two studies, respectively). In contrast, [@bibr31-2331216516658239] repeated the study of Walden and Walden with subjects of a similar age and found that 80% of the subjects performed better with bilateral versus unilateral amplification. The slightly younger subjects tested by [@bibr19-2331216516658239] with a similar setup showed an average a bilateral benefit of 3.3 dB.

By spatially separating the sources (e.g., placing the noise source under an angle, resulting in dichotic stimulation), both binaural squelch and the head shadow effect can play a role. The head functions as a sound baffle, creating an acoustic shadow. When a sound source is placed under an angle, a listener profits from the head shadow effect by attending to the ear with the better (signal to noise ratio) SNR. Binaural squelch is the result of centrally combining the signals presented at both ears. In the case of dichotic stimulation, this may lead to better performance when listening with two ears instead of one. According to [@bibr5-2331216516658239], the head shadow effect results in an increase in intelligibility up to 8 dB, whereas binaural squelch leads to an improvement of around 5 dB. These values were found in normally hearing subjects.

Using different dichotic configurations, a bilateral HA benefit between 3 and 7 dB has been reported in the literature ([@bibr3-2331216516658239]; [@bibr15-2331216516658239]; [@bibr26-2331216516658239]; [@bibr29-2331216516658239]). [@bibr15-2331216516658239] further mentioned that the head shadow effect does not apply for mild hearing loss in combination with high noise levels, since speech in the unaided ear is sufficiently audible. Other factors besides hearing loss and loudspeaker configuration that may influence the benefit of a second HA are signal characteristics, reverberation, position of the transducers, and HA configuration.

[@bibr37-2331216516658239] conducted a review of 14 studies concerning self-reports about the benefit of bilateral HA fittings. Bilateral HAs were found to offer no advantage in situations with relatively stationary competing noise. However, a benefit was reported on the Speech, Spatial and Qualities of Hearing Scale (SSQ) in situations with switching speech streams, rapidly switching and divided attention, and listening effort ([@bibr37-2331216516658239]). Similar benefits on the SSQ were found by [@bibr34-2331216516658239].

Due to the contradictory results in the literature on speech reception in noise using diotic stimulation, we chose to include diotic stimuli in our test battery. In addition, we evaluated speech reception with speech from the front and stationary speech shaped noise from either the unilaterally aided side or from the unilaterally unaided side. These dichotic configurations made it possible to evaluate whether the head shadow effect or binaural squelch played a role. Besides this classic test setup, an interleaved speech reception test with switching speech and noise sources was used in the current study. This setup was chosen based on the self-reported findings of [@bibr37-2331216516658239], where a bilateral HA benefit was found to be most pronounced in dynamic listening situations.

Listening Effort {#sec3-2331216516658239}
----------------

Little has been reported about the effect of bilateral HA fittings on listening effort. [@bibr16-2331216516658239] tested the performance of normally hearing subjects on speech reception in noise using dichotic stimulation in monaural and binaural conditions. At the same time, he assessed both ease of listening (using a 100-point scale) and attentional effort (using a dual task paradigm). He concluded that a mild simulated conductive hearing loss reduced the subjectively rated ease of listening, even when the noise source was on the side of the non-attenuated ear. [@bibr39-2331216516658239] used the SSQ questionnaire on unilateral and bilateral HA users and found a significant reduction in "effort required to engage in the activity of listening in the everyday world" when adding a second HA (a reduction of 1.53 on a scale from 0 to 10). [@bibr34-2331216516658239] reported similar findings. To investigate the effect of a second HA on listening effort, Listening Effort Scaling (LES) was included in the current study. In this test, subjects are asked to indicate the amount of effort it takes to listen to a sound (generally speech). The scale ranges from 0 (*no effort*) to 6 (*extreme effort*).

Acceptable Noise Level {#sec4-2331216516658239}
----------------------

The Acceptable Noise Level (ANL) is a test to investigate what level of noise is tolerated while listening to continuous discourse. [@bibr56-2331216516658239] found a 1.9 dB binaural benefit in normally hearing subjects using diotic stimulation, but no benefit using dichotic stimulation. This finding was unexpected, since dichotic stimulation resulted in better speech reception in noise. [@bibr19-2331216516658239] compared speech reception in noise and the ANL with one and two HAs when presenting speech from the front and noise from the back (180°). An improvement in SRT was found, but a second HA did not affect the acceptance of noise. On the other hand, [@bibr25-2331216516658239] used one frontal loudspeaker for both speech and noise and found a small but significant bilateral benefit of 1.6 dB in ANL, averaged across different types of noise. Based on the available literature, no clear conclusions can be drawn about the impact of binaural hearing or bilateral amplification on the ANL. In the current study, we, therefore, chose to include this outcome measure.

Localization and Spatial Detection {#sec5-2331216516658239}
----------------------------------

[@bibr24-2331216516658239] conducted localization experiments in normally hearing subjects with earplugs to simulate a mild to moderate unilateral conductive hearing loss. Although localization abilities in the monaural condition improved as a result of training, performance remained significantly poorer compared with the binaural condition. [@bibr26-2331216516658239] tested 19 experienced bilateral HA users with a mild-to-moderate sensorineural hearing loss and found that bilateral amplification improved localization compared with unilateral amplification. Similarly, [@bibr8-2331216516658239] found that the addition of a second HA improved localization, as did [@bibr45-2331216516658239]. Byrne et al. further stated that bilateral amplification only improved localization abilities in subjects with moderate or severe hearing loss and not in those with mild hearing loss. The self-reported results published by [@bibr40-2331216516658239] point in the same direction, since they found no advantage of a second HA in subjects with a mild hearing loss. [@bibr39-2331216516658239] reported that bilateral HAs only show benefit over a unilateral HA in dynamic areas of spatial hearing, such as movement discrimination. [@bibr51-2331216516658239] made use of self-reports and found that a second HA was disadvantageous for localization. Using a crossover design testing unilateral and bilateral amplification, they provided subjects with a HA questionnaire during multiple visits. Finally, [@bibr2-2331216516658239] sums up various studies that all reported larger localization errors with two HAs than without HAs, even after 3 to 15 weeks of acclimatization. In the current study, localization abilities were assessed in a complex sound field in order to mimic more dynamic daily life situations. This setup was chosen based on the aforementioned self-reported findings by [@bibr39-2331216516658239] and to investigate whether this benefit was also seen in the laboratory. Besides localization, the same setup was also used for a spatial detection task.

Rationale for Present Study {#sec6-2331216516658239}
---------------------------

A test battery was designed that focused on the previously mentioned domains and was implemented to investigate whether a bilateral benefit could be demonstrated. This study was designed as a within-subject feasibility study using experienced bilateral HA users. The aim of the current study was to investigate which dimensions of performance show benefit from bilateral HAs. NH subjects were also tested in order to get an indication of the maximum possible bilateral benefit.

An important issue is whether this study should be conducted with HA users who are used to wearing two HAs. Trials by [@bibr14-2331216516658239], [@bibr48-2331216516658239], Day, Browning, and Gatehouse (1988), [@bibr51-2331216516658239], and [@bibr10-2331216516658239] showed that between 20% and 61% of the subjects who compared unilateral and bilateral HA fittings eventually chose to wear one HA. Furthermore, [@bibr38-2331216516658239] stated that their differences in outcomes are best accounted for by patterns of HA use, rather than by test conditions.

The goals of the current study were to find out whether the binaural benefit is retained in HA users and which tests are the most sensitive to quantify the effects. Our choice to conduct the experiments with experienced bilateral HA users inevitably means that subjects who prefer unilateral amplification were not included in this study. It is important to note that this choice could have introduced a bias toward bilateral benefit. This bias will be addressed further in the Discussion section.

Materials and Methods {#sec7-2331216516658239}
=====================

An (international) two-center study protocol was used, in part to ensure that the results were not determined by a specific test setup in one center. The study was conducted at the Academic Medical Centre, Amsterdam, the Netherlands (AMC) and at the Hörzentrum Oldenburg, Germany (HZO). Given the different languages in the two centers, outcomes that are found systematically across centers are likely to be generally applicable. This would an important result for international multicenter projects, especially in Europe with its many languages.

Subjects {#sec8-2331216516658239}
--------

Forty subjects with sensorineural hearing loss were included, all of whom had more than 1 year of experience with bilateral HAs and used them for more than 5 hours per day (based on self-report). The subjects were evenly distributed over the two centers and had a mean age of 55 years (range: 23--68 years) in the AMC and 70 years (range: 54--84 years) in the HZO.

The hearing thresholds were symmetrical. Symmetry was defined as a left-right difference of ≤10 dB in pure-tone average (PTA~(0.5, 1, 2, 4 kHz)~) and a left-right difference of ≤20 dB at the individual octave frequencies between 0.5 and 4 kHz. The hearing-impaired subjects were stratified into two groups: subjects in the mild loss (ML) group (*n* = 19) had a PTA~(0.5, 1, 2, 4 kHz)~ ≤ 40 dB HL and subjects in the severe loss (SL) group (*n* = 21) had a PTA~(0.5, 1, 2, 4 kHz)~ \>40 dB HL. The average PTA~(0.5, 1, 2, 4 kHz)~ was 33 dB (±5 dB) in the ML group and 57 dB (±11 dB) in the SL group.

Twenty-one subjects were included in the normal-hearing (NH) reference group. These subjects were tested with a simulated unilateral (conductive) hearing loss in order to obtain information about the maximum possible bilateral benefit. They had a mean age of 27 years (range: 20--40 years) and a PTA~(0.5, 1, 2, 4 kHz)~ \< 20 dB HL. The age difference between the centers and the groups will be addressed in the Discussion section.

All subjects were recruited via posters or approached at the local clinic for participation. They gave written informed consent and received compensation for participating. Approval for the project (NL32577.018.10) was given by the Ethical Review Board (METC AMC).

HA Fittings {#sec9-2331216516658239}
-----------

Sixteen of the 19 subjects with a mild hearing loss used an open canal fit. They used a dome which left the ear canal almost entirely open; 19 of the 21 subjects with moderate to severe hearing loss used a custom earmould with a venting diameter between 0 and 3 mm. Overall, all subjects but one wore behind-the-ear HAs. All subjects had the same HAs in both ears.

Insertion gain (IG) measurements were conducted for all hearing-impaired subjects using the International Speech Test Signal (ISTS) at 65 dB SPL ([@bibr23-2331216516658239]). The ISTS is a non-intelligible speech signal, created by segmenting and mixing running speech in six different languages. It is shaped according to the long-term average speech spectrum ([@bibr7-2331216516658239]). The HA settings to which the subjects were accustomed were used in order to represent their daily life situation. This choice led to a strong face validity of the study, but possible heterogeneity within the study group. This aspect will be addressed further in the Discussion section. All HAs used compressive gain. The goodness of HA fit ([@bibr8-2331216516658239]) was specified as the root mean square value of the difference between the measured IG values at 0.5, 1, and 2 kHz for a 65-dB input signals and the target values based on the National Acoustic Laboratories (NAL)-RP method ([@bibr12-2331216516658239]).

Measurements {#sec10-2331216516658239}
------------

All laboratory measurements were conducted in a sound attenuating, anechoic room. The reverberation time (T~30~) was below 0.13 seconds for the frequencies between .25 and 4 kHz in both centers. Loudspeakers with a flat frequency response between 0.1 and 18 kHz (±3 dB) were used and were calibrated at the position of the subject's head using stationary speech-shaped noise. The distance between the loudspeakers and the subject was smaller than the critical distance in both centers. As a result, all measurements were done in the direct sound field, such that the influence of the room acoustics was minimal. Testing of the subjects in the ML and SL groups was done with one HA (unilateral condition) or with two HAs (bilateral condition). The aided ear in the unilateral condition was the ear with the better PTA~(0.5,\ 1,\ 2,\ 4 kHz)~. In 27 subjects, the interaural difference was ≤3 dB.

In the NH group, a moderate unilateral conductive hearing loss was simulated by blocking one ear using a foam earplug and an earmuff in order to guarantee sufficient attenuation ([@bibr6-2331216516658239]). This was always the ear with the poorer PTA~(0.5,1,2,4 kHz)~. This group was included in order to investigate the maximum possible effect on the different tests. The limitations of comparing a simulated conductive hearing loss with a true sensorineural hearing loss will be addressed in the Discussion section.

All tests using speech materials were conducted with VU98 sentences ([@bibr52-2331216516658239]) at the AMC, and Oldenburger Satztest (Oldenburger Sentence Test; OLSA) sentences ([@bibr54-2331216516658239]) at the HZO. The sequence of tests was balanced and pseudo-randomized using Latin squares ([@bibr53-2331216516658239]). All subjects were instructed not to move their head during the experiments. Instructions were repeated if necessary.

### Speech reception in noise {#sec11-2331216516658239}

Speech reception in noise was assessed using the SRT with fixed or switching sources. In all cases, an adaptive up-down procedure was used to estimate the SNR at which 50% of the sentences were correctly repeated ([@bibr44-2331216516658239]). When testing with fixed sources, speech was presented from the front (0°) and stationary noise, spectrally matched with the speech, at regular conversation level (65 dB) was presented from either 0°, the unilaterally aided side at +90°, or the unilaterally unaided side at −90°. Consequently, a total of three loudspeaker configurations were used ([@bibr50-2331216516658239]). The ear which was unaided in the unilateral condition varied between subjects. For ease of reading, the unilaterally aided side is always indicated with a positive angle (+) and the unilaterally unaided side with a negative angle (−).

Speech reception tests were also conducted using switching sources. In this test, two lists of sentences, corresponding to different spatial conditions, were measured during one run. Each next presentation was selected randomly from one of the two spatial conditions: one condition with the speech signal from the loudspeaker at −45° and one with the speech signal from the loudspeaker at +45°. The ISTS was used as a masking signal and was presented from the opposite loudspeaker (at +45° or --45°, respectively). Within each list, an adaptive procedure was applied, as in regular SRT tests. This resulted in two SRT values: one for each spatial condition. The subject had no prior knowledge about the direction of the speech and noise ([@bibr3-2331216516658239]; [@bibr20-2331216516658239]). For all loudspeaker configurations, the difference in SRT between the bilateral and unilateral condition is referred to as the Bilateral SRT Benefit.

### Listening effort {#sec12-2331216516658239}

Listening effort was determined using a categorical scaling procedure by presenting speech at 65 dB SPL from the unilaterally unaided side (−90°) and the ISTS from the unilaterally aided side (+90°). This was done at five different SNRs, roughly at a range around the SRT in stationary noise (group ML: −9, −6, −3, 0, and 3 dB; group SL: −3, 0, 3, 6, and 9 dB; group NH: −12, −9, −6, −3, and 0 dB). Each SNR was used twice per condition, and the order was randomized. The subjects were asked to indicate on a touchscreen how much effort it took to listen to the speech. A 7-point scale with 0.5 intervals was employed, ranging from 0 (*no effort*) to 6 (*extreme effort*; [@bibr27-2331216516658239]).

### Acceptable noise level {#sec13-2331216516658239}

The ANL was assessed by determining the level of uncorrelated International Collegium of Rehabilitive Audiology (ICRA-1) noise ([@bibr13-2331216516658239]), presented from +90° and −90° (energetically summed), that was acceptable when listening to speech presented from 0°. The subjects were asked to determine the ANL in six steps by controlling the sound level of the speech and noise via buttons on a touchscreen. The first three steps involved adjusting speech in quiet to a comfortable level, whereas the next three steps involved setting the background noise to an acceptable level with the speech level fixed. The setup and instructions were as described in [@bibr36-2331216516658239] and [@bibr19-2331216516658239]. The ANL was assessed twice per condition.

### Localization {#sec14-2331216516658239}

The setup for localization consisted of eight loudspeakers evenly distributed over 360° in the azimuthal plane (i.e., 45° apart). The test was adapted from [@bibr20-2331216516658239] and [@bibr3-2331216516658239] and was chosen because of the realistic test environment using daily life sounds and unexpected timing of the target sound.

The subjects' localization abilities were assessed by asking them to identify which loudspeaker produced a telephone bell sound presented at 65 dB(A) (with roving between −5 and +5 dB in 1 dB steps to reduce intensity cues). Most of the energy of the target signal was concentrated between 1 and 4 kHz. The target sound was presented from one of five loudspeakers in the frontal plane between 4 and 10 seconds after the previous answer. Every 0.7 seconds a new, randomly chosen daily life background sound (a church bell, a crying baby, a chirping bird, water being poured out of a bottle, a guitar, a barking dog, or a siren) was presented from one of the other seven loudspeakers at 65 dB(A). The duration of each sound varied between 2.2 and 3.7 seconds and consequently, after the sound field was built up, three to five different background sounds always played simultaneously. Subjects were asked to point to the loudspeaker of their choice and were instructed not to move their heads. The experimenter repeated this instruction when head movements were observed. In both the unilateral and bilateral condition, the target sound was presented six times from each loudspeaker. The total RMS error was calculated.

### Spatial detection {#sec15-2331216516658239}

The localization array was also used to assess spatial detection. In the same sound field as described earlier (with daily life background sounds), the ascending method of limits was used as a first order approximation to estimate the detection threshold. The target signal was presented repeatedly from one of the five frontal loudspeakers with an increasing level of 2 dB per presentation. Subjects had to raise their hand when detecting the target signal. The observer logged the level at the moment of detection as the spatial detection threshold for that specific direction. After detecting the signal, another loudspeaker was chosen randomly, and the procedure was repeated. For every condition, the detection thresholds were determined three times for each loudspeaker in the frontal plane.

Statistics {#sec16-2331216516658239}
----------

The sample size per group was based on the speech reception in noise data of [@bibr3-2331216516658239]. Assuming a bilateral benefit of 0.4 dB ([Figure 2](#fig2-2331216516658239){ref-type="fig"} in [@bibr3-2331216516658239]) using a female speaker from the unilaterally aided side, a minimum sample size of 20 is needed to detect an effect (with a power of 80% and α = 0.05).

Results were analyzed with a one-way repeated measures analysis of variance (ANOVA), using SPSS (SPSS version 20.0.0). The use of one or two HAs was incorporated as the within-subjects factor. Group (severity of hearing loss) and Centre were incorporated as between-subjects factors. A post hoc ANOVA was performed to test the effect of the second HA per group. No further statistical analysis was conducted for the NH group, since this group merely served as a reference group. For the LES, the effect of the second HA was tested using the nonparametric Wilcoxon rank test. Critical values were corrected using a Bonferroni correction based on the total number of outcome measures.

### Effect size {#sec17-2331216516658239}

To evaluate the effect of the different tests within the test battery, the effect size (*r*) was calculated. For parametric tests, the F-statistic of the one-way repeated measures ANOVA was used ([@bibr18-2331216516658239]): $$r = \sqrt{\frac{F(1,{df}_{R})}{F(1,{df}_{R}) + {df}_{R}}}$$

For LES (non-parametric), the Z-score from the Wilcoxon rank test was used ([@bibr17-2331216516658239]): $$r = \frac{Z}{\sqrt{N}}$$

*N* represents number of subjects and *df~R~* represents degrees of freedom. The absolute value of *r* lies between 0 (no effect) and 1 (maximum effect).

Results {#sec18-2331216516658239}
=======
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Speech Reception in Noise {#sec19-2331216516658239}
-------------------------

[Figure 1](#fig1-2331216516658239){ref-type="fig"} shows results for the speech reception tests with fixed and switching sources. No significant effects were observed when speech and noise were presented from the front (S~0~N~0~). When accounting for the test-variability, (all values within twice the standard deviation were considered equal) one subject in the ML group had a bilateral disadvantage and none in the other groups. Figure 1.Speech reception in noise. The top row shows the mean bilateral benefit in SRT: \**p* \< .05, \*\**p* \< .01, or \*\*\**p* \< .001. A negative value represents an advantage. The bottom row shows the mean SRTs with one or with two hearing aids. The panels on the left show the results with continuous noise presented from fixed sources. The panels on the right show the results with the ISTS presented from switching sources. The whiskers represent the standard deviation. Negative angles correspond to the unilaterally unaided side. Figure 2.Listening effort scaling. The top panel shows the median bilateral benefit of the LES: \**p* \< .05, \*\**p* \< .01, or \*\*\**p* \< .001. A negative value represents an advantage. The bottom panel shows the median LES with one or with two hearing aids. The whiskers represent the interquartile range.

When presenting noise from the unilateral unaided side (negative angle), no bilateral benefit was seen with either fixed sources, *F*(1,36) = 3.4, *p* \> .05, or switching sources, *F*(1,36) = 0.6, *p* \> .05. In other words, adding a second HA at the ear closest to the noise source does not have a positive or negative effect on the SRT. Also, no interaction between a second HA and group was seen for either setup.

There was a significant bilateral benefit when presenting the noise from the unilaterally aided side (positive angle) in both setups (fixed sources: F(1,36) = 27.1, *p* \< .001; switching sources: F(1,36) = 35.9, *p* \< .001. The magnitude of this effect increased with increasing hearing loss (fixed sources: F(1,36) = 16.5, *p* \< .01; switching sources: F(1,36) = 35.9, *p* \< .001, for the interaction between the second HA and group). For either setup, post hoc analysis showed no significant effect for the second HA for subjects in group ML (fixed sources: F(1,17) = 1.4, *p* \> .05; switching sources: F(1,17) = 1.9, *p* \> .05). However, in group SL, there was a bilateral benefit when using fixed sources ( − 4.1 dB: F(1,19) =30.4, *p* \< .001) and switching sources (−6.4 dB: F(1,19) = 40.5, *p* \< .001). Based on the results of group NH, the maximum benefit is −7.8 dB using fixed sources and −12.8 dB using switching sources.

The above results suggest that adding a second HA increases performance, but only for hearing losses larger than 40 dB (PTA~(0.5,1,2,4 kHz)~) when the unaided ear is not able to compensate for the head shadow effect.

Significant center effects were found for all speech reception tests. The 50%-point at the HZO was generally lower than at the AMC, which is in correspondence with the normative data for the German and Dutch speech material ([@bibr52-2331216516658239]; [@bibr54-2331216516658239]). No interaction effects with regard to the center were found.

Listening Effort {#sec20-2331216516658239}
----------------

[Figure 2](#fig2-2331216516658239){ref-type="fig"} presents the results for listening effort at −3 dB and 0 dB. These were the conditions common to all subjects. Statistical analyses were performed using a Wilcoxon rank test and a bilateral benefit was seen for all groups at an SNR of −3 dB (group ML: *Z* = --3.3, *p* \< .05; group SL: *Z* = --3.4, *p* \< .05). The magnitude of the effect was 0.5 LES units in group ML and 2 LES units in group SL. Only the severely hearing-impaired subjects benefited from the second HA at an SNR of 0 dB (group ML: *Z* = --0.7, *p* \> .05; group SL: *Z* = --3.8, *p* \< .01). When analyzing the different test conditions combined a median bilateral benefit of 0.5 points is present in group ML (Z = −4.9, *p* \< .001) and of 1.3 units in group SL (Z = −7.4, *p* \< .001). In group NH, this difference was 2.3 units (not tested for significance).

A median benefit of 0.5 points on a 7-point scale is relatively small. A total of 74% of the subjects in group ML indicated that speech reception took less effort with two HAs than with one HA, but none of the difference scores were above two points.

ANL {#sec21-2331216516658239}
---

No effect of a second HA was found for ANL, F(1, 36) = 0.5, *p* \> .05, nor were there any interactions with group or center. Therefore, no post hoc tests were done. A center effect was present, F(1, 36) = 20.6, *p* \< .01. Results are depicted in [Figure 3](#fig3-2331216516658239){ref-type="fig"}. Figure 3.Acceptable noise level. The top panel shows the mean bilateral benefit of the ANL: \**p* \< .05, \*\**p* \< .01, or \*\*\**p* \< .001. A negative value represents an advantage. The bottom panel shows the mean ANL with one or with two hearing aids. The whiskers represent the standard deviation.

Localization {#sec22-2331216516658239}
------------

In the results presented in [Figure 4](#fig4-2331216516658239){ref-type="fig"}, the RMS error was averaged over all angles. A significant effect was found for the second HA, F(1, 36) = 22.0, *p* \< .001, as was an interaction between HA and group, F(1, 36) = 11.2, *p* \< .05. Post hoc testing showed a clear bilateral advantage for group SL of −21°, F(1, 19) = 27.9, *p* \< .001, but not for subjects in the ML group, F(1, 17) = 1.1, *p* \> .05. Based on the results of group NH, the maximum benefit is −57°. Figure 4.Localization. The top panel shows the mean bilateral benefit in RMS error: \**p* \< .05, \*\**p* \< .01, or \*\*\**p* \< .001. A negative value represents an advantage. The bottom panel shows the mean RMS error with one or with two hearing aids. The whiskers represent the standard deviation.

[Figure 5](#fig5-2331216516658239){ref-type="fig"} shows the same data, plotted as individual data points. The left panel shows the bilateral benefit as a function of low-frequency hearing loss (this average was chosen in order to compare the results to those of [@bibr8-2331216516658239]. See the Discussion section for this comparison). The right panel shows the RMS error in the unilateral and bilateral conditions. In both plots, the least squares fit of the data is plotted. In the right panel, it can be seen that the RMS error increases with hearing loss in both the unilateral and bilateral condition, but that the slope is larger with one HA (0.92°/dB vs. 0.33°/dB). As a consequence, the bilateral benefit increases with increasing hearing loss at a rate of 0.58°/dB as can be seen in the left panel. Figure 5.Localization. The figure shows the individual data with 1 and with 2 HAs (left panel) and the bilateral benefit (right panel) averaged over all angles, plotted against low frequency hearing loss. The dash-dot lines represent the linear least squares fit of the unilateral data (*y* = 0.92 *x* + 9.36; *r*^2 ^= 0.58; *p* \< .001), the bilateral data (*y* = 0.33 *x* + 17.04; *r*^2 ^= 0.22; *p* \< .01) and the bilateral benefit (*y* = −0.58 *x* + 7.80; *r*^2 ^= 0.33; *p* \< .01). The dashed lines in the right panel represent the standard deviation.

Spatial Detection {#sec23-2331216516658239}
-----------------

Although a trend toward greater bilateral benefit in subjects with larger hearing loss was observed for spatial detection, no significant effect of second HA use was found when looking at the average spatial detection threshold, F(1, 36) = 9.8, *p* \> .05. See also [Figure 6](#fig6-2331216516658239){ref-type="fig"}. Figure 6.Spatial detection. The top panel shows the mean bilateral benefit of the detection threshold, averaged over all angles: \**p* \< .05, \*\**p* \< .01, or \*\*\**p* \< .001. A negative value represents an advantage. The bottom panel shows the mean detection threshold with one or with two hearing aids. The whiskers represent the standard deviation.

Analyzing only the spatial detection threshold when the target sound was presented from the unilaterally unaided side (at −90°), an interaction between the second HA and group was seen, F(1, 36) = 20.4, *p* \< .01. Post hoc testing showed that, for this angle, the second HA has a significant effect in group SL, F(1, 19) = 27.2, *p* \< .001, but not in group ML, F(1, 17) = 0.2, *p* \> .05. In [Figure 7](#fig7-2331216516658239){ref-type="fig"}, the data per angle are presented in a polar plot. Here, it can be seen that presentation of the target signal from the unilateral unaided side (−90°) leads to differences between performance with one and with two HAs in groups SL and NH. Figure 7.Spatial detection. Polar plot of the detection threshold per angle in the frontal plane. Negative angles correspond to the unilaterally unaided side.

Effect size {#sec24-2331216516658239}
-----------

According to [@bibr9-2331216516658239] effect sizes of .1, .3, and .5 represent a small, medium, and large effect, respectively. In [Figure 8](#fig8-2331216516658239){ref-type="fig"}, the effect sizes for all tests are depicted and sorted based on the magnitude of the effect in group NH, which represents the maximum bilateral benefit. In this group, the SRT with switching sources (S~+45°~N~−45°~) give the largest bilateral benefit and the ANL the smallest. In both group NH and group SL, the largest benefit is seen using the speech reception tests with noise from the unilaterally aided side, localization, and listening effort. However, the effect sizes for speech reception and localization drop drastically in group ML, although the effect size of listening effort remains large. Figure 8.Effect size for all tests in the test battery, calculated according to [@bibr17-2331216516658239], [@bibr18-2331216516658239]): NT (not tested), \**p* \< .05), \*\**p* \< .01, or \*\*\**p* \< .001. An effect size of .10, .30, and .50 corresponds to a small, medium, and large effect, respectively ([@bibr9-2331216516658239]). A negative score (in this plot on the right side) implies a bilateral benefit. Data are sorted based on the results of the normal hearing reference group (group NH). Negative angles correspond to the unilaterally unaided side.

Discussion {#sec25-2331216516658239}
==========

The aim of this study was to investigate the effect of bilateral HAs in subjects with mild and moderate-to-severe hearing loss in different dimensions of performance. For the severely hearing-impaired subjects (group SL), addition of the second HA was found to have a significant effect on localization, listening effort and on speech reception in noise when noise was presented from the unilaterally aided side (positive angles). For mildly hearing-impaired subjects (group ML), only listening effort revealed a significant bilateral benefit.

Speech Reception in Noise {#sec26-2331216516658239}
-------------------------

One can only experience a bilateral benefit when there is room for improvement in the unilateral condition. [Figure 1](#fig1-2331216516658239){ref-type="fig"} shows that speech reception using switching sources with one HA deteriorates by only 0.7 dB (*p* \> .05) when moving the noise source from the unaided to the aided side (the difference between S~+45 ~N~−45~ and S~−45 ~N~+45~). In the SL group, this deterioration is 3.3 dB (*p* \< .01) and in the NH group (with simulated unilateral conductive hearing loss), the deterioration is 10.3 dB (*p* \< .001). Similar numbers were observed using the setup with fixed sources. Obviously, the location of the noise source has no strong effect on speech reception with one HA in subjects with a mild hearing impairment, which is illustrated in the bottom panels. In other words: due to the low hearing thresholds of these subjects (PTA~.5/1/2/4 kHz~ \< 40 dB HL), unaided performance is relatively good, which means there is only little room for improvement. Similar results were also found by [@bibr15-2331216516658239].

When noise is presented on the unilaterally unaided side (S~0~N~−90~ and S~+45 ~N~−45~), it is expected that binaural unmasking plays a role when adding a second HA. [Figure 1](#fig1-2331216516658239){ref-type="fig"} shows that hearing-impaired subjects received little or no benefit from their second HA using this setup. Binaural unmasking resulted in an average improvement of 2 dB in the normally hearing subjects (triangle), which is less than what [@bibr30-2331216516658239] found. They reported a binaural benefit of 8 to 12 dB for decreasing reverberation times using a speech masker. Our results correspond to the results of [@bibr28-2331216516658239], who reported a benefit of 2--3 dB when presenting word lists in stationary noise. However, Markides found his results when presenting speech from + 45° and noise from −45°, which is different from our fixed setup. In the current study, the effect of binaural unmasking for both the ML and SL groups was less than 1 dB. [@bibr15-2331216516658239] stated that five subjects in their study with a PTA (0.5, 1, 2 kHz) \> 60 dB HL clearly profited from a second HA contralateral to the noise source. Three of these subjects also appeared to benefit from an additional HA ipsilateral to the noise source. Their setup was similar to that of the current study, but they used higher noise levels. In the current study, 6 of 21 subjects in group SL had a PTA (0.5, 1, 2, 4 kHz) \> 60 dB HL, but only the two subjects with the highest thresholds (\>70 dB HL) appeared to benefit from binaural unmasking.

[@bibr39-2331216516658239] discussed the importance of bilateral fittings in demanding listening situations and with rapidly dividing attention. In the current study, we attempted to create a more dynamic environment by presenting noise and speech using switching sources. However, no convincing differences in effect size between switching and fixed source tests were observed (see [Figure 8](#fig8-2331216516658239){ref-type="fig"}). A possible explanation for this finding is that the experiment was still relatively static in comparison with daily life situations. A combined speech reception in noise and localization task with more than two sources might be a better approximation of the dynamic situations described by Noble and Gatehouse.

[@bibr22-2331216516658239] tested 28 mild to moderately hearing-impaired subjects with a mean age of 73 years with monosyllabic words at +10 dB SNR using diotic stimulation. The authors found 71% of the subjects to have a bilateral disadvantage, which they attributed to binaural interference. It must be noted that the authors did not take the test variability into account and considered all difference scores larger than 0% to be a bilateral disadvantage (with 0.18% being the smallest difference). [@bibr55-2331216516658239] reported similar findings when using one loudspeaker from the front using sentences in four talker babble noise. Over 82% of subjects performed better with unilateral than with bilateral amplification. It is unclear what criterion was used by the authors to classify a bilateral disadvantage. [@bibr31-2331216516658239] reproduced the study by Walden and Walden with a similar study group and found that only 20% of subjects had poorer performance with a bilateral fit. In the current study, 35% of all hearing-impaired subjects experienced bilateral disadvantage with the criterion set to the unrealistic value of 0 dB, similar to the criterion used by [@bibr22-2331216516658239]. When setting the criterion to twice the standard deviation, 2.5% experienced a bilateral disadvantage (one subject in group ML) and 8% experienced a bilateral advantage (three subjects in group SL). No effect of age was seen. Our results suggest that hearing-impaired subjects receive only little benefit from their second HA with colocated sources, but also no disadvantage. This disagrees with the findings of Henkin et al. and Walden and Walden but is in agreement with the results of McArdle et al.

Listening Effort Scaling {#sec27-2331216516658239}
------------------------

[@bibr37-2331216516658239] stated that the benefit of two HAs lies in reduced listening effort. This statement is based on self-report measures and was confirmed in our laboratory. LES at an SNR of −3 dB showed that both hearing-impaired groups experienced significant benefit from their second HA. LES is the only test that demonstrated a bilateral benefit in mildly hearing-impaired subjects. The median benefit at −3 dB was −0.5 points (interquartile range −0.75 to −0.25) on a 7-point scale, and although statistically significant, it is unclear whether this difference is clinically relevant.

[@bibr47-2331216516658239] tried to find an objective measure for listening effort in order to evaluate noise reduction in HAs. At SNRs where the speech was highly intelligible, they found a decreased cognitive effort for increasing SNRs. This decreased cognitive effort at maximum speech intelligibility is in agreement with the results from the current study. It appears that when a ceiling effect is reached for speech intelligibility, there is still room for reducing listening effort.

[@bibr46-2331216516658239] assessed listening effort in normally hearing subjects via headphones using the same procedure as was used in the current study. Between SNRs of −10 and +6 dB, they found a consistent change in effort of approximately −0.3 points per dB SNR. For SNRs of −2, +2, and +6 dB their intelligibility scores were 100%. These results are in line with our findings, where the slope ranged between −0.23 and −0.31 points per dB. This implies that the median bilateral benefit we found for subjects with mild hearing loss (0.5 points) corresponds to an increase in SNR of about 2 dB. Such an increase in SNR can be considered as clinically relevant. However, to transform this test into a useful clinical tool remains challenging, since such a small difference is difficult to assess on an individual level. Listening effort itself is an informative outcome, but there is need for further research if we wish to assess bilateral benefit in terms of listening effort, particularly for mildly hearing-impaired subjects.

Acceptable Noise Level {#sec28-2331216516658239}
----------------------

[@bibr19-2331216516658239] stated that bilateral amplification probably does not affect acceptance of noise. Their results for unilateral and bilateral conditions are comparable to our results, but the variability in our study is larger (the number of subjects is similar). [@bibr4-2331216516658239] tested a non-semantic version of the ANL in 32 normally hearing subjects aged between 18 and 40 years. They used the ISTS as speech and presented both speech and noise diotically through earphones. The ANL measurement was repeated 12 times and analyzed in four blocks of three tests. Based on their data, the authors suggest that, in order to obtain an accurate ANL, more training sessions and more replications are needed than originally proposed by [@bibr36-2331216516658239]. This implies that the number of sessions in the current study may have been too small to obtain an accurate ANL. In their discussion article about the ANL, [@bibr41-2331216516658239] reviewed the coefficient of repeatability (CR): in repeated measurements, 95% of the absolute differences between two repeated measures will be lower than the CR. The CR values in the studies examined by the authors ranged from 4.7 to 14 dB. In the current study, all but one of the subjects showed a bilateral benefit between −10 and +10 dB. Given the fact that this is below some of the CR values reported by Olsen and Brännström it is possible that, even if a bilateral benefit was present, it cannot be demonstrated using the current setup.

Localization {#sec29-2331216516658239}
------------

No bilateral benefit for localization was seen for the mildly hearing-impaired subjects as opposed to the subjects in group SL. [@bibr8-2331216516658239] stated that localization in the horizontal plane is mainly affected by low frequency sensorineural hearing loss (below 1,500 Hz), but only when this loss reaches 50 dB HL. In the current study, no subjects in group ML had a low frequency threshold \>50 dB HL (PTA~(0.5,1 kHz)~), whereas 29% of the subjects in group SL had a hearing loss of at least 50 dB HL at this frequency (taking 40 dB HL as a threshold, the percentages are 0% and 76% for groups ML and SL, respectively). Most subjects with relatively good low frequency hearing had an open HA fit. In this type of fitting, low frequency sounds enter the ear via the direct acoustic path. Consequently, the low frequency difference at the eardrum between the unaided and aided condition is smaller for open fittings than for fittings with a custom earmould. This might partially explain that subjects in group ML performed relatively well in the unilateral condition and did not benefit from the extra amplification in the bilateral condition. Furthermore, compressive HAs with short attack times can cause deterioration of localization cues in the higher frequency regions ([@bibr35-2331216516658239]), which also may have contributed to the lack of bilateral benefit for this group.

One aspect of the laboratory setup that could be improved is the resolution of the test. The target signal was presented from one of five loudspeakers, separated by an angle of 45°. The task gets more difficult when the angle between loudspeakers gets smaller, creating a more challenging task even for mildly impaired subjects.

Spatial Detection {#sec30-2331216516658239}
-----------------

The localization setup was also used to test spatial detection. The expected bilateral benefit in this experiment is mainly the result of the head shadow effect, occurring predominantly when the target signal is played from the unilaterally unaided side. According to [@bibr49-2331216516658239], using a sound source at +90°, the head shadow effect results in attenuation at the far ear of 6--16 dB between 700 and 5,600 Hz. The sound energy of our target signal was concentrated in this frequency region. Although the variability was large, on average, the NH subjects displayed a bilateral benefit of around 6 dB with the target signal is presented from the unilaterally unaided side (see [Figure 7](#fig7-2331216516658239){ref-type="fig"}). The subjects in group SL displayed greater variability, but still a significant bilateral benefit of 4 dB was observed for that angle.

Limitations of this Study {#sec31-2331216516658239}
-------------------------

It is challenging to conduct a multicenter study using different test locations and different test leaders. An important difference between centers is the speech material. Not only is the language different but also the structure of the sentences: OLSA sentences are constructed to have the same syntax, whereas the Dutch sentences vary in syntax. Slopes of the performance-intensity functions differed between speech materials. The significant center effects that were found in the analysis are mainly due to these differences. However, no interaction effects with regard to center were observed, implying that the bilateral benefit is similar between the centers. We can, therefore, compare these results without problems.

The intention of this study was to evaluate the performance with HA settings that the subjects were accustomed to. However, IG measurements showed that various HAs provided less amplification than prescribed by the NAL-RP rule (averaged over four frequencies, the difference was larger than 5 dB in 10% of the subjects). The approach used strengthens the face validity of the results but is a weakness in the study design because it contributes to the heterogeneity of the groups. Altogether, the difference between target and IG was found to have no significant effect on the results.

A normal hearing reference group was used to get an indication of the maximum possible bilateral benefit. The subjects in this group were significantly younger than the hearing-impaired subjects. Besides this, the use of an earmuff and an earplug introduced a unilateral conductive hearing loss of at least 40 dB ([@bibr1-2331216516658239]). A conductive hearing loss causes linear attenuation, where a sensorineural hearing loss introduces non-linear effects. This leads to differences in perception of suprathreshold sounds due to differences in loudness growth, spectral resolution, temporal resolution, and other aspects. Direct comparison of these groups is, therefore, not possible. Therefore, group NH was not included in the statistical analyses but merely served to obtain a benchmark. Consequently, the differences between the hearing-impaired groups and group NH did not affect the conclusions of the manuscript.

Finally, the decision to investigate unilateral HA use in subjects who wear bilateral HAs by choice introduced a bias toward bilateral benefit. Our subjects were accustomed to bilateral amplification and were tested in both bilateral and unilateral conditions. This may have led to an overestimation in the bilateral benefit they experienced. However, a within-subject design reduces the error due heterogeneity between the subjects, making the detection of a small effect more likely.

Conclusions {#sec32-2331216516658239}
===========

Overall, a bilateral benefit was predominantly observed with respect to speech reception in noise, listening effort, and localization. This effect tended to be larger for the severely than for the mildly hearing-impaired subjects. The subjects with mild hearing loss only showed a significant benefit on LES. Besides this, no significant disadvantage of using a second HA was found in any of the laboratory tests.

For the future, it is important to determine which tests are applicable for clinical use. The assessment of listening effort seems to be most valuable for people with mild hearing impairment. However, before this promising outcome measure can be used on an individual level, more research is needed.

An important next step is to focus on those tests with greatest potential for demonstrating bilateral benefit in daily life. This could be investigated by comparing experienced bilateral HA users with HA users that have a symmetrical hearing loss, but prefer unilateral amplification.
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[^1]: *Note.* Means (m) and *SD* are given for the different groups with one and with two hearing aids. For LES, the median and the upper and lower quartile are shown. In the last column, the difference between one and two hearing aids is depicted. The overall effect of two hearings aids is either not tested (nt), not significant (ns) or significant with \**p* \< .05, \*\**p* \< .01, or with \*\*\**p* \< .001. Per group the difference between one and two hearing aids is depicted in the final column. Bonferroni's method was used to correct for the number of comparisons.
